Gene expression analysis of microarray data can provide a global view of the transcriptome of a cell or specific tissue type, revealing important information about the kinds of signaling pathways, genes and protein classifications that are active. However, transcript profiles alone do not reveal how expression levels are controlled or which transcription factors (TFs) are responsible. Establishing transcriptional regulatory networks requires knowledge of TFs bound to promoter, enhancer and repressor elements. Accessibility of these sites and an additional level of control are mediated by chromatin and DNA modifications. Genome-wide location analysis is a tool for identifying protein-DNA interaction sites on a genomic scale. Applications of this tool are proving invaluable in determining in vivo target genes of TFs, epigenetic marks and cis-regulatory elements. Here, we will discuss how advances have been made in each of these categories and how this has helped to elucidate regulatory networks and control mechanisms.
INTRODUCTION
The advent of genome-wide location analysis (GWLA) has provided a direct means of determining regulatory interactions on a global scale (1, 2) . GWLA is the pairing of chromatin immunoprecipitation (ChIP) and DNA microarray (chip) technologies, commonly referred to as ChIP-on-chip or ChIP-chip ( Fig. 1 ). This technology allows for the interrogation of protein-DNA interactions in vivo and the mapping of those interactions to precise locations in a genome. Initial studies identified the locations of specific transcription factor binding sites (TFBSs) within the yeast genome. GWLA has been subsequently utilized to ascertain protein-DNA interactions in the genomes of various organisms.
In this review, we will focus on recent applications of GWLA and how those studies have contributed to three primary categories of transcriptional regulation. A significant proportion of work has focused on epigenetics and, more specifically, histone modifications. Additionally, just as in the original studies, individual transcription factors (TFs) have been assessed to establish regulatory networks. The third category covers advances made in establishing global maps of common regulatory elements. The studies covered here should illustrate how this approach can be utilized to construct more informative genome maps, as well as provide a systems biology approach to understanding regulatory networks.
EPIGENETICS: THE ROLE OF HISTONES AND THEIR MODIFICATIONS
In recent years, a large body of data has been generated for histone marks on the genomes of various organisms, with the primary focus in yeast. Histones are important in chromatin structure, in DNA replication and repair and in transcription through post-translational modifications made to nucleosomes at the N-terminal tail of histones. These modifications include acetylation, methylation, ubiquitination, phosphorylation, poly-ADP-ribosylation and, most recently, sumoylation (3, 4) . The addition and removal of these modifications are an important part of transcription regulation and transcript elongation. It is generally accepted that upon histone acetylation, genes become actively transcribed, whereas deacetylation leads to transcriptional repression (5) . A number of yeast studies have utilized GWLA to ascertain the effects of acetylation. Initially, this was done by identifying the genome-wide location of histone acetylases (HATs) and histone deacetylases (HDACs) (6 -9) . These studies illustrated the feasibility of mapping histone modifications and provided global-scale correlations of the presence of HAT or HDAC with gene expression or repression, respectively.
Much of the focus is currently on understanding how posttranslational modifications correlate or regulate transcriptional # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org *To whom correspondence should be addressed. Tel: þ1 8588225767; Fax: þ1 8585347816; Email: biren@ucsd.edu activity. The acetylation of histones H3 and H4 marks the yeast genome in intergenic segments corresponding to the promoter regions primarily at the 5 0 end of the gene (10) . These marks show enrichment at transcriptionally active genes. A remarkable pattern has emerged for histone H3 lysine 4 (H3K4) methylation at transcribed genes. Trimethylation was enriched at the 5 0 end, whereas dimethylation was enriched in the middle of gene and monomethylation was enriched at the 3 0 end of these genes (Fig. 2) . However, other H3 trimethylated lysines had a more uniform distribution across genic regions. Higher resolution maps in yeast validated these findings, along with assessing an increased number of modifications (11) . Assessment of modified histone marks on human chromosomes 21 and 22 demonstrated that trimethylation at H3K4 was also correlated with the 5 0 end of actively transcribed genes (12) . Additionally, work in Drosophila has shown some differences from yeast in modification patterns. For instance, dimethylation of H3K79 in flies is correlated with transcription (13), whereas in yeast, this mark does not increase with transcription activity (10) . Additional studies of these modifications on a more global scale could provide insight into unannotated genes in higher eukaryotes, which still lack detailed epigenetics maps like those under construction in yeast.
Histone occupancy studies in yeast revealed that there is a depletion of both H3 and H4 histones at regulatory regions of active genes. There is also a correlation with the loss of nucleosomes at promoters and the rate of gene transcription; however, this depletion does not extend into coding regions. These findings were reproducible under conditions that induce specific gene expression. Yeast grown under varying conditions induced environmentally specific gene activation, and these newly expressed genes showed nucleosome depletions at their promoters (14) . Similarly, a complete genome-scale map of nucleosome deposition revealed nucleosome-free regions (NFRs) at transcription start sites (TSSs). By crosslinking nucleosomes and digesting DNA with micrococcal nuclease, bound regions were then hybridized to tiled, yeast genome microarrays. Tiling arrays were critical for providing the resolution necessary to identify exact nucleosome locations and for distinguishing linker regions. NFRs of 150 bp were typically 200 bp upstream of start codons (15) . Boundaries of the NFRs are defined by well-positioned nucleosomes flanking each side (Fig. 2) . Histone H2A.Z is known to replace H2A and block the spread of euchromatic silencing (16) . GWLA revealed that the nucleosomes that flank the NFRs comprised the histone variant H2A.Z (17) . Histone acetylation is required for H2A.Z enrichment and deposition. Although there is no precedent for DNA elements to direct histone deposition, further examination identified a binding site for Reb1, a general regulatory factor, and an adjacent sequence of (dT:dA) 7 . By comparing NFRs in seven species of Saccharomyces, regions of conservation were found outside TFBS. These NFRs contained tracks of poly-dA or poly-dT important for establishing the regions (14) . These studies suggest that a sequence motif may play a role in determining which regions are resistant to chromatin silencing.
Histone H3 can also be replaced by its variant histone H3.3. This occurs in a replication-independent manner of nucleosome assembly (18) . This variant differs by only a few amino acids, making it very hard to ascertain via a specific antibody. Utilizing a clever in vivo biotin tagging method (19, 20) , H3 was distinguished from H3.3 following induced expression in Drosophila S2 cells (21) . GWLA revealed H3.3 deposition varied from gene to gene, whereas H3 remained uniform. The replication-independent deposition of H3.3 was typically in genic regions, marking actively transcribed genes in the genome, and correlates with the increase of RNA PolII at active genes, as H3.3 is gradually enriched with each round of transcription. The level of H3.3 deposition provides a measurement that is sensitive enough to indicate levels of transcription. This could have important implications for how transcript levels are measured on a global scale.
The epigenome is a dynamic physical genome. Cancer epigenetics will greatly benefit from this approach by mapping the epigenomes of diseased versus normal cells. Many cancerous cell types show a loss of histone modifications when compared with normal counterparts (22) . The CpG island hyper-and hypomethylation states also play important roles in cancer (23) . It is now possible to map DNA methylation marks via immunoprecipitation of 5-methyl-cytosine and microarray (24, 25) . With the Human Epigenome Project (www.epigenome.org) underway in Europe (26), these highthroughput approaches are bound to be key technologies for such an endeavor.
REGULATORY NETWORKS
GWLA is an ideal methodology for identifying the regulatory sites bound by specific TFs within a genome. The information gained is environmentally specific, therefore, yeast is a preferable model organism for testing various growth or stress conditions. An example of this is illustrated by the mapping of regulatory sites for the MAPK-activated TF Ste12 (27) . Haploid yeast cells were examined under conditions that induced either mating behavior or induction of filamentous growth. GWLA revealed Ste12 bound promoters for nontreatment conditions, mating-induced stimulation and filamentous growth conditions. Localization in MAPK kinase deletion strains expanded the regulatory network by identifying that a specific MAPK kinase, Fus3, inhibited the binding of Ste12 to filamentation genes under mating conditions. By determining the genome-wide locations of Ste12 under various conditions, a detailed regulatory network was constructed, illustrating how upstream signaling events play a role in target gene activation under specific conditions. It also revealed that Ste12 has both condition-specific and nonspecific binding partners, by examining common binding partners, and placed target genes into functional categories that corresponded to the environment. This added level of information is important in understanding gene regulation, as it is never as simple as a single regulator for an individual gene. Ultimately, it will be important to know the regulatory binding sites of all known TFs within a genome and how the occupation of those sites varies under different environmental conditions, including various cell types in multicellular organisms. The occupancy sites of 203 TFs in yeast grown in rich media were recently determined (28) . Furthermore, testing 84 of these TFs in at least one of 12 different conditions led to the identification of 11 000 unique TF-promoter interactions. The protein-DNA interaction data set allowed prediction of DNA binding consensus sites for the TFs using a combination of motif predicting algorithms [e.g. AlignAce (29) , MDScan (30) and MEME (31)]. The authors identified highly significant (P , 0.001) motifs for 116 TFs and less significant motifs for 147 TFs. Such a detailed analysis of the complete regulatory code allowed the authors to define promoter architecture and distinct patterns of regulatory actions based on different environmental conditions (Table 1) . Mapping the TFBS for virtually all yeast TFs provides an encyclopedic level of regulatory information and complex networks of interactions, some of which may be translational to higher eukaryotes.
Major strides are being made to study human transcriptional regulation, especially in relation to disease, using human cell lines and promoter microarrays. Initial forays have identified the targets of important cancer-related TFs. The c-Myc oncogene is involved in cell growth, proliferation and apoptosis, making it a critical component of many cancer cell types (32) . GWLA was employed to understand the role of c-Myc in Burkitt's lymphoma cells (33) . c-Myc bound 15% of the promoters interrogated, indicating a broader role in globalgene expression along with its binding partner, Max. The 85% overlap of bound promoters by the binding partners illustrates not only the validity of the technique but their roles as common global regulators. Myc binding sites did not always contain consensus DNA binding elements, identifying additional targets missed by only assessing E-boxes (34) . CpG island arrays also demonstrated that a number of Myc:Max bound genes are repressed (35) . The Myc -Max network was expanded in Drosophila by examining another interacting partner, Mnt-a Mad protein, and utilizing DamID assays and microarrays [(36) method described therein]. Likewise, elucidating the targets of the mixed-lineage leukemia histone methyltransferase (MLL1) illustrated that it too plays a global role in transcription, localizing to the 5 0 end of active genes (37) . As there is an ever growing interest in understanding the role of oncogenic TFs and how their regulatory network leads to cancer growth and progression, additional factors have been analyzed via GWLA and human promoter arrays, including TCF4 in colorectal cancer cells (38) . This TF is prominently bound to the endothelin-1 promoter, a gene commonly secreted from many solid tumors (39) . TCF4 is known to interact with beta-catenin, which is frequently activated by oncogenic mutations in colorectal cancer cells (40) . This is just one of many examples that illustrates how developmentally important TFs are commandeered in cancer cells. The AP-1 complex is made up of Jun, Fos and ATF proteins and is known to be involved in both tumor suppression and tumorigenesis (41) . Promoters targeted by c-Jun and ATF2, two components of the AP-1 complex, were identified, and these TFBSs differ depending on the phosphorylation state of the protein and in response to cisplatin treatment, a common anti-cancer therapeutic (42) . Again, the upstream signaling events played a key role in deducing gene regulation and target promoters. However, in some instances, more may be at play than just the state of phosphorylation, as the presence of important co-factors may be critical for regulation. In a study of cAMP-response element binding (CREB) protein, DNA binding by CREB was assessed in a phosphorylated or unphosphorylated state (43) . Under these differing states, the protein showed no significant change in bound target sites. What did appear to be critical was the recruitment of a co-activator to inducible sites, specifically CBP and potentially p300. With a large number of TFs implicated in cancer biology, identifying regulatory cascades could provide novel targets for therapeutics.
Establishing regulatory networks for tissue-specific TFs or tissue-specific targets will provide invaluable information on how a cell maintains or establishes its cellular identity. Several recent GWLAs have provided such insight. Odom et al. (44) established regulatory networks for HNF1a, HNF4a and HNF6, which are required for normal function of the liver and pancreas (45 -48) . Complex regulatory maps revealed both tissue-specific and commonly regulated genes. These factors interact in various combinations to regulate respective subsets of genes. The architecture of the regulatory maps was elucidated into mechanistic models including (49) , and the regulatory networks established in this study should provide valuable information about this disease. The authors also suggested that deciphering the regulatory role of HNF genes could provide a mechanistic understanding of how polymorphisms near the HNF4a gene increase the risk of type II diabetes. This model will likely prove applicable to a number of diseases, as genome-wide association studies have identified single nucleotide polymorphisms correlated with changes in gene expression levels (50, 51) . Before establishing the transcriptional hierarchy to determine a cell fate, progenitor cells must relinquish their transcriptional stronghold on the genes that define their phenotype. Stem cells have the potential to be therapeutics for many diseases, and a core set of transcriptional regulators in human embryonic stem cells was recently investigated to understand their role in maintaining pluripotency. OCT4, NANOG and SOX2 are early markers in development thought to be near the top of the transcriptional hierarchy of ES cells and critical for maintaining pluripotency (52 -55) . Their genomic targets revealed that a surprising number of promoters are co-occupied. However, not all of these genes are actively transcribed. One or more of these TFs occupied promoters of 1303 actively transcribed genes, whereas 957 occupied promoters matched inactive genes. Many inactive genes appear to be developmentally important, indicating a role for repressor functions by the TFs in order to help maintain pluripotency. Again, a more global approach with several factors allowed the authors to identify mechanistic models of regulation among these factors. The regulatory models not only provide information about maintaining pluripotency but also suggest which programs need to be activated (de-repressed) to differentiate the cells into a defined lineage. However, just as the data illustrates the co-acting TFs function both as activators and repressors, it also demonstrates the need for a more complete understanding of other factors, implying that co-factors or epigenetic marks likely distinguish between these two roles.
cis-REGULATORY ELEMENTS
Multicellular organisms, especially mammals, have evolved complex gene regulatory mechanisms that control tissue and developmentally specific gene expression. Many types of transcriptional regulatory elements have been discovered. These elements include promoters, enhancers, repressors and insulators that are positioned throughout the genome, and their identification has been particularly challenging. A significant step in mapping active promoters within a cell was accomplished using a component of the pre-initiation complex, TAF1 (56, 57) . Assembly of this complex at promoters is required for the initiation of transcription of protein encoding genes in eukaryotes (58) . This was first demonstrated by assessing bound sites in 1% of the human genome corresponding to 44 different loci known as ENCODE regions (56, 59) . A follow-up study utilized the first full, non-repetitive, human genome tiling array set consisting of 14.5 million 50mers (57) . In this study, 12 150 TAF1 binding sites were mapped, 87% of which were within 2.5 kb of known TSSs, determined by 5 0 end sequencing-based methods. The more distant promoters suggest the presence of unidentified genes. Many of these promoters for putative genes were bound by other marks or located within 2.5 kb of the 5 0 end of ESTbased predicted genes. Several were confirmed with corresponding transcripts by gene expression analysis. On the basis of a conservative number of promoters that matched known genes and unannotated genes in this study, the authors estimate that 13% of human genes still remain unannotated. Another remarkable feature is that a large number of genes appear to have multiple promoters active in a single cell, corresponding with either different 5 0 -UTRs or first exon, distinct differences in protein sequences or variations in splicing and polyadenylation. Typically, tandem promoters are thought to play a role in indicating cell-specific transcripts, however, this study suggests that there are additional roles.
Several other studies have successfully identified cisregulatory elements, many of which are enhancers. The NF-kB protein, p65-known to bind enhancers (60) , bound a large number of sites on human chromosome 22, and 90% were greater than 1 kb from the TSS (61) . Assessment of Sp1, p53 and c-Myc binding on human chromosomes 21 and 22 revealed that nearly 50% of the binding sites were outside promoters or intragenic regions (62) . Similarly, estrogen receptor (ER) binds a number of sites on chromosomes 21 and 22, the majority of which are outside of proximal promoters. Approximately half the sites contained the ER binding motif flanked by a forkhead-binding motif. Functional validation verified that these distal sites act as enhancer elements (63) . Although these studies were limited in genome scope, they provide an unbiased assessment of where TFs bind. A more global scope of cis-regulatory elements has been accomplished by coupling sequencing strategies with ChIP, primarily SAGE-like ChIP [SACO (64) , SABE (65), STAGE (66) and PET-ChIP (67)].
CONCLUSION
Identification of regulatory elements provides a more complete and detailed map of a genome. However, most regulatory elements, i.e. enhancers, repressors and insulators, still lack global identification. Of the 2000 predicted human TFs (68, 69) , genomic binding sites for only a handful have been mapped and this was within a few cell-types and under fewer conditions. Future endeavors would benefit from the development of high-throughput methods to screen hundreds of TFs and assess their loss of function (e.g. RNAi followed by expression analysis), along with better computational prediction tools. One such step was recently made for predicting enhancer elements (70) . Establishing a network of interactions that incorporates TF binding, co-factors, various regulatory elements and epigenetics will be paramount toward our understanding of transcriptional regulation and deciphering the transcriptional regulatory code.
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